The concept and characteristics of different types of hematopoietic cells have been described. Hematopoietic stem cells are currently considered to exist in a variety of populations with different degrees of commitment towards a particular cell line. By a combination of animal studies and studies with hematopoietic disorders, the concept of dividing hematopoietic stem cells into uncommitted and committed types has emerged in the past several years. Uncommitted stem cells are capable of differentiation, under the proper stimulus, into either of the cell lines of the hematopoietic system. These cells form a resting population of cells with a low mitoitic rate and a long resting (G,)) phase. The committed stem cells are partially differentiated and mature only into one type of cell. The committed stem cell population is relatively more active than the population of uncommitted stem cells.
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A variety of assays both in vivo and in vitro are currently available for the study of different hematopoietic stem cells. These assays are semiquantitative. The number of colonies of mature cells which develop after the infusion or plating of a population of cells containing the stem cells is proportional to the total number of cells infused.
A variety of toxic as well as biological substances have been assayed in these systems and a quantitative depression of the number of colonies produced has been noted by a variety of workers. The degree of depression in the number of colonies varies with the agent in use and the type of assay employed. These studies have demonstrated that toxicity of chemicals on the hematopoietic stem cells can be studied with these in vitro and animal studies to give an assessment of their potential toxicity in the intact organism.
The recent development of the Dexter two-layer liquid culture system has provided a new impetus to the research on the uncommitted stem cell in a variety of organisms.
Most cell systems in mammals are comprised of differentiated cells with little or no self renewal. However, the gastrointestinal mucosa, skin, and the hematopoietic system have a large turnover and self renewal capability. This self renewal depends on a cell.population referred to as stem cells.
These cells are characterized by the dual capacity of self renewal and of differentiation into more mature types of cells. Stem cells have been studied in great detail in the hematopoietic system largely due to the easy accessability of the cells (1) .
Hematopoietic stem cells exist in different "populations" which are based on the degree of commitment to one or other cell type. Through a large amount of in vivo and in vitro work in humans and Evidence for a pluripotent stem cell in the human comes from studies of diseases like chronic myeloid leukemia and polycythemia vera. Clinical and hematological observations, chromosomal analysis (6) , and analysis of glucose-6-phosphate dehydrogenase isomers (7) have shown a clonal abnormality in both these diseases. It has also been demonstrated that a clonal abnormality is present in the granulocytic, erythroid, and megakaryocytic cell lines. Fibroblasts and lymphocytes are free of this clonal abnormality.
The most definitive assay and method of demonstration of the pluripotent stem cell is the Till and McCulloch technique. Since this leads to colony formation in the spleen, this cell is commonly referred to as the colony forming unit in spleen (CFU-S) and is the best model for pluripotent stem cells. CFU-S have been demonstrated to be present in the bone marrow, spleen, fetal liver, and also circulating in peripheral blood. Further, the colonies formed in the recipient mice also contain CFU-S capable of forming secondary colonies in a second recipient.
Morphological identification of CFU-S is not possible at the present time. A number of cell separation techniques suggest that CFU-S fractionate with mononuclear cells with morphology June 1981 similar to lymphocytes/monocytes (8) . Transplantation experiments have shown that CFU-S are capable of repopulating the bone marrow and of restoring normal hematopoiesis after it has been dlestroyed by radiation, drugs, or other mechanisms.
Assay of CFU-S Spleen Colony. The most commonly employed assay for multipotential stem cells is the technique of Till and McCulloch (4) . This assay was first described in 1961 and has become the most standard assay for the multipotential stem cell. In fact, the cell assayed in this system, CFU-S, is considered to be, for practical purposes, synonymous for the multipotential stem cell.
Syngeneic mice are employed in this assay. One set of mice is given lethal radiation, approximately 700 rad, to produce destruction of all endogenous hematopoietic tissue in the bone marrow and spleen. Bone marrow cells from unradiated syngeneic mice are given intravenously. After 8-10 days, the recipient mice are sacrificed at which time macroscopic nodules of hematopoietic cells are seen in the spleen and the bone marrow. These consist of erythroid, granulocytic, megakaryocytic, and mixed colonies. It is the formation of these colonies in the spleen that gives the name colony forming unit-spleen for the cells assayed by this system.
The number of colonies formed is proportional to the number of bone marrow cells infused. This assay can be used to study, in a quantitative manner, the kinetics of CFU-S. At the same time, humoral and other influences on the CFU-S can be studied. For In the peripheral blood, neutrophils are present in two interchangeable compartments, the circulating granulocyte pool (CGP) and the marginated granulocyte pool (MGP). The two together constitute the total blood granulocyte pool (TBGP) (13) . The circulating granulocyte pool is sampled by the usual techniques of venipuncture while the marginated pool cannot be sampled by this technique. Demargination occurs under the influence of a number of factors, particularly the release of epinephrine.
The egress of granulocytes from peripheral blood into the tissues is exponential, and the half life of granulocytes in circulation is 6-8 hr. These data are of importance because the reserve of granulocytes in the bone marrow and the peripheral blood MGP may produce a discrepancy between the degree of granulopoiesis and the total number of granulocytes sampled from blood. This, combined with the time lag in the maturation of myeloblasts to granulocytes and the various factors responsible for the release of granulocytes from the bone marrow, makes the quantitation of granulopoiesis somewhat difficult. Assessment of granulopoiesis from changes in peripheral blood is not accurate and is better studied in the context of the changes in the early phase in the bone marrow rather than from the changes in peripheral blood.
CFU-C Assay. The CFU-C and its assay was first described in 1965 for mice (14, 15) (17) . There is a semiquantitative relationship between the number of bone marrow cells plated and the amount of CSF provided to the number of colonies formed (12) . By keeping a constant number of bone marrow cells in the system, CSF can be assayed, and by maintaining a constant amount of stimulus, CFU-C can be assayed. At the same time, if both CSF and CFU-C are kept constant, the addition of other stimuli or inhibitors can be studied and the changes produced can be measured.
Use of CFU-C for Toxicity Studies. Uyeki et al. (11) used the CFU-C assay to study the effects of benzene inhalation on hematopoiesis in mice. Mice were exposed to benzene vapors (4680 ppm) for 8 hr. The mice were sacrificed on days 1, 4, and 7. Bone marrow was taken from the exposed mice and plated with colony stimulating factor. The results were expressed as percentage of control using the number of colonies formed from 105 bone marrow cells and also by the total number of CFU-C colonies from one femur. A significant decrease in CFU-C was noted from femurs obtained one day after benzene inhalation. On day 1, the value was approximately 39% of control. By the fourth day, this had increased to 66% and by day 7, it was up to 77%. This suggests the toxicity of benzene on CFU-C is reversible with time.
Schein et al. have studied the effect of a number of drugs on the CFU-C (18, 19) . They have shown a dose related inhibition of CFU-C from the bone marrow of mice treated with these drugs.
Interferons are glycoproteins produced by a variety of vertebrate cells in response to viral infections. Apart from the antiviral effect, they have been shown to have a number of effects on cellular functions (20, 21) . Hull et al. (22) studied the effect of human and mouse interferons on CFU-C and CFU-E. They noted a consistent inhibitory effect of interferon on growth of both types of committed stem cells in humans and in the mouse system. There was a dose-related response noted. Further, they noted a differential effect with 55 different types of interferons and a difference in the effect on CFU-C and erythroid committed stem cells, (CFU-E). Human fibroblast and human leukocyte interferon inhibited the growth of the CFU-E equally. However, with the CFU-C system, human leukocyte interferon was much more potent and produced a 50% inhibition of colony formation at a concentration approximately 1000-fold less than that required with human fibroblast interferon. These data point to the specificity of the action of interferon and, more importantly, point to the quantifiable nature of this assay for different types of inhibitory activity.
Nissen et al. (23) also reported the response of human CFU-C to interferon. They also found a dose related inhibition of CFU-C when cultures were grown in the presence of interferon.
In view of the recent interest in interferons, particularly as anticancer agents, it may be worthwhile to mention some aspects of the relationship of interferon to CSF. Both CSF and interferon are glycoproteins with similar electrophoretic ability. Further, the production of both is stimulated by synthetic polynucleotides, particularly Poly I-Poly C. The biological significance of these observations is not clear but raises the speculation that interferons and CSF both maybe physiologically important substances related to cell regulation. The erythroid committed stem cells have been studied in some details. In vivo and in vitro studies have shed a considerable amount of light on the nature of these stem cells. In vivo, it was first demonstrated in the 1950's that the production of polycythemia in radiated mice led to a lack of erythroid differentiation which could be reversed by the addition of erythroipoietin (24) . Thus, the concept of the erythropoietin responsive cells (ERC) was developed. The ERC were further studied in vitro. Studies of the kinetics of this cell and also its responsiveness to different stimuli have demonstrated the existence of at least two populations in ERC. These have been classified into the burstforming unit-erythroid (BFU-E) and the colonyforming unit-erythroid (CFU-E). The burst-forming unit is considered to be the more primitive cell; it responds to higher concentrations of erythropoietin, takes a longer time in culture, and produces relatively larger colonies. The CFU-E, on the other hand, is derived from the BFU-E, it requires lower concentrations of erythropoietin, takes only 3-4 days of culture and produces small clusters of erythroid cells (25) (26) (27) . More recent data have suggested that the activity of the erythropoietin containing preparations may have a separate stimulus which acts on more primitive cells and this activity has been referred to as burst promoting activity (BPA) (28) .
Erythroid Committed Stem Cells
Assay of Red Cell Precursors. Both liquid culture and semisolid culture systems have been employed for assay of red cell precursors. However, the liquid culture system mainly studies the hemoglobin synthesis by erythroblasts which do not have stem cell characteristics and are relatively late forms of erythroid precursors. This system will not be discussed in any detail though it has been described elsewhere (29) .
The semisolid culture system has two variants, both of which provide the same type of information and are usable for the study of stem cells, the various stimuli which affect the stem cells, and also to study the effect of exogenous agents. Like the assay of CFU-C, these systems employ a source of stem cells (usually bone marrow), provide adequate amounts of nutrients, a method of stabilizing the cells and a source of stimulus. Incubation is carried out in an atmosphere of 5% CO2 in air with full humidification at 370C.
The plasma clot culture system first described by Axelrad and others has been used more commonly (25) . However, the technique employing methylEnvironmental Health Perspectives cellulose as the stabilizing agent is also useful. The methycellulose system has been described by Iscove and Sieber (26) . Both these cultures are quantitative in their response to the various stimuli and also to the number of cells put into the culture. The Axelrad culture has been employed in a number of situations for study of toxic exogenous iiaterials.
Use of CFU-E for Toxicity Studies. Hull et al. (22) , as described earlier, employed CFU-C cultures to study the effect of interferon both in the human and the mouse system. In both systems, they demonstrated a quantitative relationship of the inhibition of colony formation by increasing concentrations of interferon. Approximately 50% reduction was noted at a concentration of 103 interferon units/ml of culture. The differential effect noted with leukocyte and fibroblast interferon on CFU-C was not seen with CFU-E.
Wallner et al. studied the effect of serum from patients with chronic renal failure on the growth of CFU-E. They found a quantitative relationship in the depression of colony fromation by the addition of serum from patients with chronic renal failure but not from serum of normal controls (30) .
Megakaryocyte Committed Stem Cells
At the present time, because of technical reasons, the feasibility of studies on megakaryocyte committed stem cells is limited. Even though megakaryocyte committed stem cells have been demonstrated by some workers, the growth of such colonies is possible under only very exacting conditions and their potential for use for the study of toxicity on the stem cell is relatively limited (31) .
Conclusion
The hematopoietic stem cells provide a sensitive and relatively simple system for assessment of toxicity of potential environmental hazards. At different times in different assays, the effect of industrial chemicals, chemotherapeutic drugs, and biological materials has been demonstrated using assays of hematopoietic stem cells. The assays, by and large, have been demonstrated to be quantitative in nature and have a reasonable degree of specificity for the stem cells.
The conditions required for culture of hematopoietic stem cells are fairly exacting. However, at the same time, they allow a fair amount of flexibility in the amount of stimulus provided and the number of bone marrow cells put into a system. This flexibility should allow these techniques to be used for the study of a variety of toxic materials in these systems.
